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Accelerating the Spontaneous Emission of X Rays from Atoms in a Cavity
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We have investigated the spontaneous radiative decay of resonant nuclei in a planar x-ray waveguide
after excitation by synchrotron radiation pulses. The waveguide acts as a cavity and modifies the mode
structure of the electromagnetic field. As a result, the rate of spontaneous emission is enhanced by a factor
proportional to the density of photon states in the cavity. In this experiment, we have observed a sixfold
acceleration of the coherent radiative decay of 57Fe nuclei located in the center of the first-order guided
mode. This is in very good agreement with theoretical predictions.
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The scattering of electromagnetic radiation is an indis-
pensable tool to explore the structure and the dynamics of
condensed matter, in particular, with respect to the study of
fundamental processes on ultrashort time scales by using
pulsed radiation sources. Therefore it is of great interest to
understand and control the temporal characteristics of the
interaction of light with matter which is mainly determined
by the rate of spontaneous emission from excited atoms.
Spontaneous emission is not an intrinsic atomic property,
but it sensitively depends on the density of modes of the
electromagnetic field at the position of the radiating atom.
As already predicted by Purcell in 1946, the rate of sponta-
neous emission can be substantially enhanced in a cavity
which increases the density of modes at certain frequencies
[1]. In the most simple case, such cavities are formed by
plane, highly reflective parallel mirrors as in a Fabry-Perot
resonator that confine the radiation field in one spatial
dimension. However, the largest increase of spontaneous
emission rates is observed, if full three-dimensional photon
confinement can be achieved, so that the greatest part of the
radiation is captured into the fundamental cavity mode as
in microcavities [2] or photonic crystals [3].

The fundamental interest in this phenomenon and the
potential applications in information technology have led
to intense research activities, constituting the field of cavity
quantum electrodynamics [4]. So far, experiments have
been performed in the microwave or optical regime of
the electromagnetic spectrum. However, it is to be ex-
pected that such effects will also affect the interpretation
of time-resolved scattering experiments in the x-ray re-
gime, especially at short-pulsed sources such as the x-ray
free electron lasers. Therefore it is appealing to study the
effect of confining environments on the spontaneous emis-
sion of x rays as well, particularly with respect to the grow-
ing interest in the study of ultrafast processes via x-ray
scattering experiments. With decreasing wavelength of the
radiation, however, the realization of these concepts be-
comes less and less efficient because of the decreasing
atomic scattering strength and correspondingly low reflec-
tivity of mirrors. A sufficiently high reflectivity in the x-ray
regime can be achieved only in grazing incidence geometry
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or in Bragg reflections. Correspondingly, waveguides and
cavities for x rays can be realized in the shape of thin-film
systems [5,6] or crystalline Fabry-Perot resonators [7,8],
respectively. However, the angular range over which a
sufficiently high reflectivity occurs constitutes only a tiny
fraction (10�6 or less) of the full solid angle. Thus, the
coupling efficiency of any incoherent spontaneous radia-
tion (emitted into the full solid angle) into the cavity modes
is very low and the effect on the spontaneous emission rate
is negligibly small.

This situation changes drastically if the emission is
highly directional with a wave vector ~k0 that coincides
with a wave vector of a cavity mode. In general, such a
situation occurs if not a single but an ensemble of resonant
emitters is excited coherently by a directional radiation
pulse with wave vector ~k0. Because of the phased excita-
tion, the subsequent radiative decay of this state proceeds
into the direction of the incident wave vector ~k0. The
excitation of Mössbauer nuclei by pulses of synchrotron
radiation allows one to prepare such a collectively excited
state with a well-defined wave vector ~k0 in the x-ray regime
[9]. This provides a very efficient mechanism to funnel the
spontaneous (re)emission of x rays into a selected photonic
mode of a waveguide or cavity where the resonant nuclei
are located.

In this Letter, we study the influence of a planar single-
mode waveguide on the decay of a collectively excited
ensemble of 57Fe nuclei that is located in the antinode of
the radiation field in the guiding layer. The flashlike syn-
chrotron radiation pulses, monochromatized to an ener-
getic bandwidth of 4.4 meV, were tuned to excite the
14.4 keV resonance of the 57Fe nuclei. The experiment
was performed at the Nuclear Resonance beam line ID18
of the European Synchrotron Radiation Facility in an
operation mode providing a separation of 176 ns between
the pulses (16-bunch mode). The sample used here is
sketched in Fig. 1. A 0.9 nm thick layer of 57Fe is em-
bedded in a 11 nm thick layer of Fe that is sandwiched
between the FePt substrate and a 3 nm Ta capping layer
[10]. Since the Fe layer has a lower electron density than
the surrounding materials, the layer system constitutes a
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FIG. 1. Grazing incidence x-ray reflection from a waveguide
consisting of a Fe guiding layer sandwiched between a Ta and a
FePt layer. The right graph shows the spatial distribution of the
field intensity I�z� in the first-order guided mode as given by
Eq. (1).
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single-mode x-ray waveguide with the Fe as the guiding
layer. The guided mode is excited at a momentum transfer
of q � 0:63 nm�1, corresponding to an incidence angle of
’m � 4:4 mrad, where a dip in the electronic reflectivity
appears, displayed in Fig. 2(a). At this angle a standing
wave inside the guiding layer forms with an intensity
distribution that is shown in Fig. 1. The normalized field
intensity as a function of depth in the guiding layer is given
by [11]

I�z� �
��������
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��������
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where T1 is the relative transmission of the radiation into
the guiding layer and R1 and R2 are the Fresnel coefficients
FIG. 2 (color online). (a) Intensity of the radiation electroni-
cally reflected from the layer system shown in Fig. 1. The
radiation couples into the guided mode which appears as a
minimum at q � 0:63 nm�1. (b) Intensity of the radiation res-
onantly reflected from the 57Fe probe layer, obtained by record-
ing the time-integrated delayed photons in a time window from
15–160 ns after excitation. (c) Normalized intensity of the
electric field at the position of the probe layer as calculated
via Eq. (1) (labels on the right scale). The solid line in (b) was
obtained by squaring the curve in (c) and scaling it to the
measured data [11].
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for radiation internally reflected at the upper and lower
boundary of the guiding layer, respectively. The normal
component k1z of the wave vector in the material is related
to its vacuum value k0z � k0’ via k1z � k0z

�������������������������
1� 2f1=k0z

p
,

where f1 is the electronic forward scattering amplitude of
the guiding layer material. The intensity I�zc� in the center
of the guiding layer strongly depends on the angle of
incidence, as shown in Fig. 2(c). The delayed resonant
signal from the 57Fe probe layer scales quadratically with
I�z� [11]. Thus, one obtains a very good description of the
measured data by squaring and subsequent scaling of the
dotted curve, resulting in the solid line in Fig. 2(b). These
results show that in fact the intensity distribution as shown
in Fig. 1 exists in the layer system when the guided mode is
excited. In the following we will investigate the impact of
the corresponding mode structure on the temporal evolu-
tion of the radiation scattered from the probe layer.

In the experiment the sample was magnetized parallel to
the direction of the incident beam (Faraday geometry). The
polarization selection rules in this scattering geometry lead
to a time dependence D�t� of the reflected radiation that is
observed after excitation at t � 0 by the flashlike radiation
pulses:

D�t� � �1� p cos�t� exp���t=�0�; (2)

with � � �=�0 being the ratio between the total decay
width � and the natural linewidth �0 of the transition. �0 is
the corresponding natural lifetime. This expression is valid
in the kinematical limit, which is a good approximation for
� & 6. The factor p depends on the relative amplitude
of the hyperfine transitions contributing to the signal. For
� � 1 it is given by p � 3=5. With increasing value of �,
p approaches 1.

To investigate the effect of the cavity resonance on the
nuclear decay width �, time spectra at different angular
positions around the guided mode were recorded. A selec-
tion of these spectra is shown in Fig. 3, where a drastic
dependence of the decay width � on the angle of incidence
is visible. The oscillation period reflects the energetic sepa-
ration of the hyperfine transitions of @� � 0:30 �eV that
results from a magnetic hyperfine field of B � 33:1 T at
the nucleus [12]. Solid lines are fits of Eq. (2) to the data,
from which the reduced decay width � � �=�0 was de-
rived. The deviations at late times are due to effects of
multiple scattering, for which the approximations made in
the derivation of Eq. (2) are no longer valid, but this does
not affect the following considerations. The angular de-
pendence of � is shown in Fig. 4, which displays a pro-
nounced maximum at the momentum transfer where the
guided mode is excited. For a theoretical description of this
behavior, we write the total decay width in the first-order
Born approximation:

� � �0 � �c: (3)

The natural line width �0 describes the incoherent decay of
single nuclei. It consists of contributions from radiative
1-2



FIG. 3. Temporal evolution of the intensity scattered reso-
nantly from the 57Fe probe layer that is embedded in the
waveguide structure. Data were recorded at selected angular
positions around the first-order guided mode. From the slope
of the envelopes (dashed lines) the reduced decay width � is
derived. Solid lines are fits to the data according to Eq. (2) with
p � 0:7, 0.8, 0.95, 0.91, and 0.88 (top to bottom) [12].
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decay with the decay width �� and internal conversion;
i.e., �0 � ���1� ��, where � is the coefficient of inter-
nal conversion. �c describes the enhancement of the ra-
diative decay due to interatomic coherence within the
collectively excited nuclear state. This has been studied
experimentally for nuclear Bragg scattering [13] and for-
ward scattering [14].

For an ensemble of N nuclei �c is given by [9,15]

�c � ��P
afLM

8�N
2Ie � 1

2Ig � 1

Z
d�� ~k�jS� ~q�j2; (4)

with ~q � ~k � ~k0 and S� ~q� � �N
l�1e

�i ~q	 ~Rl being the struc-
ture function of the ensemble of atoms. a is the natural
abundance of the resonant isotope, fLM is the Lamb-
Mössbauer factor, and Ie and Ig are the spins of the ground
and excited nuclear state, respectively. P accounts for the
polarization-selective excitation of hyperfine transitions in
the given magnetization geometry; P � 2=3 in the experi-
ment described here. The radiative decay width �� is given
by Fermi’s golden rule as

�� �
2�

@
2 "� ~r; !0�jhgjHjeij2; (5)

where "� ~r; !0� is the density of final photon states at the
position ~r of the atom for the transition frequency !0. H is
the atom-vacuum field interaction Hamiltonian between
the exited state jei and the ground state jgi of the atom.
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The evaluation of Eq. (4) depends on the dimensionality
of the sample and the momentum transfer ~q � ~k � ~k0.
Assuming a three-dimensional sample and the scattering
process taking place in forward direction or grazing inci-
dence geometry, i.e., ~q � 0, then S� ~q� � N, and for �c in
free space [9] we obtain

�c � %�0 with % � P%'0fLMdk=4; (6)

where % is the number density of the nuclei in the sample,
'0 � �2�=k20�
1=�1� ����2Ie � 1�=�2Ig � 1� is the reso-
nant absorption cross section, and dk is the thickness of the
material along the direction of the beam.

In a layered medium, however, the modification of the
electric field due to the presence of boundaries has to be
taken into account in the calculation of ��. The geometry
of the layer system affects the photonic density of states at
the position of the radiating atoms. Within linear-response
theory, the density of states is related to the Green function
of the medium by the fluctuation-dissipation theorem [16],
i.e.,

"� ~r; !0� � �Im
G0�~r; ~r;!0� � GL� ~r; ~r;!0��=�; (7)

where the total Green function G has been decomposed
into contributions G0 and GL from the vacuum field and the
field in the presence of the layer boundaries, respectively.
In general, G�~r; ~r0; !0� is equivalent to the expectation
value of the electric field at ~r, generated by a classical
dipole located at ~r0, oscillating with frequency !0 [17]. In
this framework, the ratio GL=G0 of a layered material can
be expressed in terms of the Fresnel reflection coefficients
of the interfaces [17,18]. Because of the isotropy in the
plane of the layers, only the z dependence of the electric
field has to be taken into account in the calculation of GL.
Then the density of photon states in depth z turns out to be

"�z; !0� � 
1� I�z��"0�!0�; (8)

where I�z� is given by Eq. (1) and "0�!0� is the photon
density of states in free space. Inserting this result into
Eq. (7), we find that �� in Eq. (4) has to be replaced by
��
1� I�z��. Thus, the total decay width of the resonant
nuclei in the center of a planar cavity according to Eq. (3) is
given by

� � �0f1� %
1� I�zc��g: (9)

Equation (9) has been used to simulate the data in
Fig. 4, taking for the angular dependence of I�zc� the dotted
curve in Fig. 2. For this sample we have a � 0:95, % �
8:46� 1028 m�3, '0 � 2:46� 10�22 m2, fLM � 0:82,
d � 0:9 nm, and ’m � 4:4 mrad, i.e., dk � 2d=’m �
0:4 �m, so that % � 0:88. The simulation (solid line)
agrees very well with the measured data, confirming the
validity of the result derived in Eq. (9) and demonstrating
the enhancement of spontaneous emission in the x-ray
regime. This became possible due to the coupling of the
cavity resonance to a coherently excited state of many
atoms, thus ensuring directional emission from this en-
semble into the fundamental mode of the cavity. The
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FIG. 4 (color online). Angular dependence of the reduced
decay width � � �=�0 as determined from the measured time
spectra. The solid line is a fit to the data according to Eq. (9).
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experiment has shown that the layered structure of the
sample leads to a modification of the mode structure of
the vacuum field, affecting the temporal evolution of the
radiative emission of x rays. This applies whenever the
emission originates from atoms that are located within
standing x-ray wave fields. Therefore, similar effects are
found in nuclear Bragg diffraction from single crystals
[19], although the influence of interatomic coherence can-
not be simply disentangled from the density of photon
states as in this experiment.

The phenomena described here can be observed for any
kind of resonant x-ray scattering process. An interesting
situation arises if the radiative lifetime of the emitters �R �
@=� is shorter than the residence time �C of the photons in
the cavity. Then the radiation remains in the cavity long
enough to be reabsorbed before it leaves the cavity, leading
to a coupled mode between the cavity and the radiating
atoms, the cavity polariton [20]. It manifests as vacuum
Rabi splitting in the spectral response or, equivalently, as a
temporal oscillation in the time domain. For such phe-
nomena to be observable, the cavity has to exhibit a
sufficiently high quality factor Q, equivalent to the nor-
malized density of photon states in the center of the first-
order mode, i.e., Q � "="0 � 1� I�zc�. It can be esti-
mated that under favorable conditions, i.e., a low-Z guid-
ing layer, highly reflecting surfaces and front coupling of
the radiation into the guiding layer [21], values of Q >
1000 can be reached. This would lead to photon lifetimes
�C in the cavity in the femtosecond regime for x-ray
energies of a few keV, while the (accelerated) radiative
lifetime of (electronic) atomic resonances in the cavity
would be much shorter. These considerations show that
the formation of quantized electromagnetic modes near
surfaces and interfaces may lead to a significant modifica-
tion of the photon-matter interaction on very short time
scales. The corresponding effects are particularly relevant
for time-resolved studies of dynamics in nanoscale struc-
tures using short-pulsed x-ray sources with pulse durations
in the range of picosecond to femtosecond.
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